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SYNOPSIS 


In the design of high-head hydroelectric developments and in other engi- 
neering applications involving large pipe carrying high pressures the question 
of relative economy of one large pipe or several smaller pipes often arises. 
This paper compares the relative total weights of material and the relative 
diameters for equal pipe stresses in systems of 1, 2, 3, 4, or 5 pipes in 
parallel. 

Consideration is given to the differences resulting from the regime of 
flow: laminar, partially turbulent (hydraulically smooth pipe), or fully turbu- 
lent (hydraulically rough pipe). A brief summary of some of the factors other 
than weight which affect the final choice is also given. 


INTRODUCTION 


In problems of transmission of fluids under high pressure such as some- 
times occur in water supply or petroleum applications, and which often occur 
in high-head hydro power developments, the designer may be faced with a 
choice between the selection of a single pipe or of several pipes in parallel. 

Many of the parallel-pipe systems in existence “just grew”. The project 
may have been designed with a single pipe adequate to accomplish its expected 
purpose. However, as the load grew it became necessary to add one or more 
pipes in parallel to provide for the required increase in flow. In other cases 
the ultimate growth was foreseen, but its predicted attainment was well in the 
future, and it seemed wiser to defer the capital outlay for part of the project. 
Other developments, particularly older power projects, employed a multiplic- 
ity of penstocks due to the limitations in the strength of a single pipe at the 
time of their construction. With modern pipe few such limitations remain. 


Notation 


The following notation will be employed in this paper. 

A: Cross-sectional area of pipe (square feet) 

D: Internal diameter of pipe (feet) 

f : Coefficient in the Darcy equation for head lost in pipe friction: 


2 


he 


g: Acceleration of gravity (= 32.2 feet per second per second) 
L: Pipe length (feet) 

n: Number of parallel pipes in question 

p: Working pressure in the fluid (pounds per square inch) 

Q: Discharge (cubic feet per second) 
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R: Reynolds number 
S,: Tensile stress in the pipe walls (pounds per square inch) 
t : Thickness of pipe walls (feet) 

v: Fluid velocity in the pipe (feet per second) 

w: Weight per foot of pipe (pounds per foot) 

€: Nikuradse equivalent sand size roughness (feet) 


Relative Weights ani Diameters of One and of n Pipes 


The most important consideration in pipeline economics is weight, for the 
cost of the pipe is approximately proportional to the weight. For the usual 
classes of pipe, which are not pre-stressed by means of bands or cable slings 
placed on the pipe before its expansion to final size in a hydraulic press, the 
diameter is proportional to the wall thickness, a fact which appears immedi- 
ately from the standard formula for stress in a pipe wall 


t P 


D (1) 


A comparison will be made of the weight per running foot and of the di- 
ameters for two “equivalent” systems, the first consisting of a single pipe 
(subscript 1), and the other consisting of n identical pipes (subscript n) of the 
same material as the single pipe. 

By “equivalent” it shall be understood that both systems have the same 
length, the same total discharge, the same gross head, and the same net head. 
This then implies the same friction head. 
From the postulated equality of head losses 


whence 


D, 


The ratio of total areas would be 


But 
a 
T 2 Tr 2 
+ D, a On 
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537-2 


Then, for the same total discharge in each system, the velocity ratios 
would be 
‘ 
nAn n fn bes 


Since both systems of pipe are subject to equal stress to within the small 
differences in the velocity heads, equation (1) would yield 


( fn (6) 
t, D, n*§€, 


Thus the comparative weights would be 


To make these expressions more useful, recourse must be had to some 
expressions for f. Here one encounters the situation that three different 
relations are required to express f as a function of Reynolds number in the 
laminar, partially turbulent, and fully turbulent conditions of flow. 

Since the kinematic viscosity of the liquid would be the same whether the 
liquid were to flow in a large pipe or in several small pipes, it follows that 


we on -(¥)] (2) - 


(8) 


The friction relations may now be written in terms of n as follows. 


Laminar Flow in Both Systems 
Here, from the standard relation f = 64/R, 


fn 


R, 


2 R = 
or 
% 
(9) 
Thus if both flows were laminar, as could easily occur with petroleum 


products, 


(10) 


: 
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Ry Vv, Dy fn 
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%s *) % 
( = ( a) 
Partially Turbulent Flow in Both Systems 


In the range of partial turbulence, which is unfortunately very common in 
practice, a wide choice of formulas is offered for f. Of these, the Lees 
formula with the constants determined by Harris? 


0.55 
= 0. 0061 + (12) 
R% 


seems as well authenticated as any. Using this relation one obtains 


$,- 0.0061 Ra 


Equation (13) evidently has no simple analytical solution for f,/f, as a 
function of n. However, since n must be an integer, and since f, has a rather 
restricted range of values in practice, the information obtainable from 
equation (13) is adequately represented by table I and figures 1, 2, and 3. 


Fully Turbulent Flow in Both Systems 


For this case the Nikuradse rough-pipe law® 


= 0.87 - fog. (14) 


D 


seems to be accorded wide acceptance. Since € represents the absolute mag- 
nitude of surface roughness particles, it is reasonable to assume that it will 
remain essentially constant for the various diameters of pipe, all of which 
are rolled from plates of comparable surface finish. 

Thus, rewriting (14) as 


whence 


(15) 


2. HARRIS, Charles W.: An Engineering Concept of Flow in Pipes. Trans- 


actions, American Society of Civil Engineers. Vol. 115 (1950), page 919. 
3. Loc. cit. Discussion 2 Ralph W. Powell. Page 934. 
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and 
inserting subscripts, and dividing, € being constant, 
( 
2, 2a ) 
10 soe >? 
On 
2 ( ) 
s 3 Fr 


A tabulated solution for f,, in terms of f together with the solutions ob- 
tained by using these results in equations () and (7) appears in table II and 
figures 4, 5, and 6. 


Flow of Different Regimes in the Two Systems 


Having established relations between the f’s and consequently between the 
diameters and weights, in all cases where flow in both systems is of the same 
regime, there remains the question of unlike regimes; suppose flow in a single 
pipe were fully turbulent whereas flow in n pipes were partially turbulent or 
laminar. 

In figure 7 is sketched on a log f - log R grid the friction relations utilized 
here. The points A, B indicate the change in f and R when going from one to 
n pipes in laminar flow. C, D and E, F are the corresponding pairs of points 
for partially and fully developed turbulent flow respectively. It will be re- 
membered from equation (9) and from tables I and II that f, is always greater 
than f, for the cases considered so far. 

It is possible when E is sufficiently close to the Lees-Harris line that 
point F will lie on this line rather than on a fully-turbulent horizontal. It is 
also possible, for small values of f, that C can lie on the Lees-Harris line 
and that D will lie on a horizontal above and to the right of it. 

From the tables it may be seen that for f,2 0.009 the ratio f,/ f, is greater 
for partial turbulence than for full turbulence. Thus the ratios w,/w, and 
D,/ D, for partial turbulence provide an upper limit and those for full turbu- 
lente. a lower limit for a given f; and n where the possibility of different re- 
gimes exists for values of f} = 0.009. 

While it is theoretically possible that flow in a single pipe could be par- 
tially or fully turbulent, while that in multiple pipes would be laminar, the 
uncertainty of the position of the transition deprives a detailed analysis of 
this situation of any real meaning. 


Practical Considerations 


By theoretical considerations based on the Lees-Harris smooth-pipe law 
and the Nikuradse rough-pipe law it has been shown that for “equivalent” pipe 
systems both working at the same stress ratio, p/S,, the ratios of diameters 
and weights for usual values of the friction factor, 4 in the single pipe are 
about as given in the following table. 


n 2 3 iF 5 


1616-1421 126-1436 13-1256 
D,Ay 076-0478 0065-0467 0058-061 0053-0256 


The wall thicknesses would be in the same ratios as the diameters. 
These same relations would be valid for the comparison of a penstock 
consisting of elements of different sizes with a system of n smaller parallel 
penstocks provided these latter were also to consist of different sized ele- 
ments with the same size-ratios as the single pipe. Since pressure varies 
with length in the same manner for each solution, equation (1) would indicate 
that the changes of pipe size should occur at the same places, and thus that 
the ratios would apply segment by segment. 

It is thus evident that the material used in a single pipe-line would cost 
less than the material required by n pipelines for the same duty; not so much 
less, however, but that other features might sometimes make a multiple-pipe 
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system preferable. Some of these other features which enter into the cal- 
culations are mentioned below. 


Deferred Construction 


Probably the most common reason for constructing parallel pipe systems 
has been the installation of projects by stages. In a power development it is 
common to install only part of a project until growth of load justifies the 
entire development. The interval may be several years during which time 
the interest on an excessively large pipe might well exceed the saving on 
materials resulting from constructing a single pipe to carry the ultimate 
design discharge. In this connection it should also be remembered that a 
pipeline will wear out about as fast at part load as at full load. 


Security 


If a plant or a water distribution system depends on a single pipeline for 
its entire supply any outage of the pipeline due to a break, due to shutdown 
for inspection or renewal of the corrosion resisting lining, or due to any 
other cause leads to a shutdown of the plant. The importance of this con- 
sideration depends on the availability of standby power interconnected to the 
same grid or on the storage facilities at the pipe line terminal as the case 
may be. The additional security of two lines may have a real financial value, 
especially if they are so equipped with valves that a short reach of either can 
be cut out with the combined flow passing through the corresponding short 
reach of the other. 


Corrosion Resistance 


In the treatment for the prevention of corrosion by metallization with zinc 
and aluminum, or by painting with any of the preparations designed for this 
purpose, two factors puil in opposite directions. A single pipe has the advan- 
tage of less total surface to be covered, of greater working convenience if the 
preparation is to be applied inside the pipe, and of less diminution of cross- 
sectional area due to the thickness of the anti-corrosive layer. Multiple 
pipes have the advantage that any one of them is subject to retirement from 
service for short periods without major interference with the functioning of 
the development. 


Pipe Strength in Larger Sizes*’5 


Modern pressure pipe is welded. That destined for moderate working 
pressures may then be expanded beyond its elastic limit in a hydraulic press 
to increase its strength by the resulting cold-working. Modern European 
practice for high pressures such as occur in high-head hydro plant install- 
ations now involve cold-working expansion together with reinforcement by 
rigid hoops or by cable in individual slings or in continuous spirals. 

Thickness of the pipe, or of the liner in the case of reinforced pipe, is 
limited to the thickness which can be successfully welded. This may in some 
cases limit the diameter since pipe thickness is proportional to diameter as 
has been seen previously. 


Ease of Construction 
Here again two conflicting tendencies exist. Smaller thinner-walled pipe 


Z-FERRAND, Georges: Pressure Pipe Lines. Water Power. Vol. 2 (1950), 
pages 52-59. 

5. WHETSTONE, George A.: Improved Penstocks Reduce Costs for High-Head 
Hydro Power. Power Engineering. Vol. 55 (August 1951), pages 64-69. 
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is easier to handle on the steep mountain sides where power penstocks are 
usually found. It is easier to join in the field. The stresses on anchorages 
and supports are in general proportional to the square of the diameter®. On 
the other hand, a multiplicity of pipelines require more excavation, more 
anchorages, and a wider right-of-way than a single line. The laying of several 
pipelines may require the provision of a cableway with movable, rather than 
fixed, end supports. 


Commercial Sizes (Diameters and Thicknesses) 


For a given discharge and pressure the advantage here may lie with the 
single pipe or with some other value of n. In any case the point must be 
considered in the design of an actual project. 


SUMMARY 


In this paper a fairly definite relation between the friction factor in a 
single pipe and that in each of a system of “equivalent” pipes has been 
worked out. Using this, ratios of weights and diameters have been computed. 
The other factors affecting relative costs of single or of multiple pipe sys- 
tems have been discussed briefly. No final answer stating that a single line 
is always to be preferred has been reached, nor can it be, but the writer 
hopes that the basis for comparison has been made clearer and that pre- 
liminary estimates may be more easily obtained by use of the tables 
presented here. 


5. PIPPARD, Alfred J. S.: Stresses in a Restrained Pipe Line. Journal, 
Institution of Civil Engineers. Vol. 35 (1951), pages 170-184. 
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